INTRODUCTION
The mummichog Fundulus heteroclitus and the Atlantic silverside Menidia menidia are 2 abundant salt marsh fish in New England estuaries along the US Atlantic coast (Gerking 1994 , Murdy et al. 1997 , Griffin & Valiela 2001 . The mummichog is a predominantly benthic-feeding fish that moves into shallow marsh habitats on higher tides (Kneib et al. 1980 , D'Avanzo & Valiela 1990 , while the silverside is a predominantly plankton-feeding fish that is more restricted to channels adjoining the marshes (Able & Fahay 1998) . The high abundance and contrasting feeding habits of these species make them interesting as possible biosentinels for marsh ecosystems that undergo changes for a variety of reasons, ranging from ditching for mosquito control to gradual submergence due to global sea level rise. For example, Talley (2000) and Wozniak et al. (2006) used carbon stable isotope distributions in Fundulus to evaluate the effectiveness of marsh restoration techniques, with successful restoration indicated by fish with similar isotope values in ABSTRACT: Salt marshes are important coastal ecosystems whose trophic function can be monitored with stable isotopes of abundant fish biosentinel species such as the mummichog Fundulus heteroclitus and the Atlantic silverside Menidia menidia. We compared movement patterns and feeding biology of these species in the summers of 1999 and 2000 in the Rowley River salt marsh estuary north of Boston, Massachusetts, USA. A 15 N tracer addition experiment showed that fish of both species were more resident than transient, with mummichogs resident at scales of 1 km or less. Natural abundance stable isotope C, N, and S distributions showed that mummichogs feed more strongly in the benthic food web while silversides feed more in the planktonic food web, with % benthic feeding respectively averaging 58 ± 5 and 32 ± 3% (mean ± 95% confidence limit, CL). For both species, isotope results indicated considerable individual specialization in foraging behavior, likely related to use of channel habitat versus use of the marsh. Power analysis showed that measuring 3 composite samples each comprising 10 to 15 individual fish should provide relatively low errors of 0.5 ‰ (95% CL) or less around stable isotope averages. Use of such composite samples in monitoring programs will allow detection of significant temporal and spatial changes in benthicplanktonic coupling for salt marsh ecosystems, as recorded in average fish diets. Analyzing some individual fish also is recommended to obtain more detailed information on fish food sources, feeding specializations, and end-member isotope values used in estimating importance of benthic and planktonic food sources. Resale or republication not permitted without written consent of the publisher restored and reference sites. Stable isotope measurements thus can provide a way to assay ecosystem impairment and restoration. Because carbon, nitrogen, and sulfur stable isotopes in fish reflect a rather complex estuarine biogeochemistry and food web cycling of elements (Fry 2006) , fish isotopes can provide an integrated view of marsh ecosystem status and are a potentially sensitive tool for estuarine assessments. Similar assessments of changing ecosystem dynamics recently have been proposed at the larger scales of continents and indeed the whole global biosphere using a combination of stable isotope measurements for microbes, mice, and birds (Williams et al. 2007 ). Historical assessments of ecosystem change also are being attempted with stable isotope measurements of lake biota (Schmidt et al. 2007 ).
We used a combination of C, N, and S (hereafter CNS) stable isotope measurements to better understand the feeding and movement biology of mummichogs and silversides. Several previous investigations have used a combination of CNS isotopes to study these species and broader estuarine food web dynamics (e.g. Wainright et al. 2000 , Connolly et al. 2004 , Dittel et al. 2006 . For example, a previous study of a Cape Cod, Massachusetts, Spartina salt marsh showed that isotopes in bivalves recorded how the mix of planktonic and benthic foods changed along a spatial gradient from interior marsh to open bay waters (Peterson et al. 1985) . Use of planktonic foods was indicated by a particular combination of CNS isotopes, with lower C stable isotope values and higher N and S stable isotope values indicating phytoplankton use, and conversely higher C isotope values and lower N and S stable isotope values indicating use of benthic food sources such as Spartina (Peterson et al. 1985) and benthic microalgae (Currin et al. 1995) . Wozniak et al. (2006) recently showed that different salt marsh estuaries can produce different mixtures of isotope signals in fish, with the local mix of food isotope signals in part related to the extent of tidal mixing. Here we tested whether the strong triple isotope CNS marsh signal detected in older studies of relatively pristine Massachusetts and Georgia salt marsh ecosystems (Peterson et al. 1985 , 1986 , Peterson & Howarth 1987 ) was also present in fish from the Rowley River system, a northern Massachusetts marsh that is strongly flushed by tides.
The Rowley River estuary is a sub-basin of the larger Plum Island Sound estuary that also includes the Parker River estuary. Previous CNS isotope investigations of the general food web in Plum Island Sound (Deegan & Garritt 1997) analyzed only a few mummichogs and silversides, so that the fish isotope variation was incompletely characterized. A later investigation with 15 N-labeled nitrate added to the Parker River (Hughes et al. 2000 ) also analyzed only a few fish. For monitoring and ecosystem assessment, it is important to know averages but also variability, and thus one of our aims was to characterize the variability of isotope distributions for the 2 fish species. This was done during the summer of 1999, when individuals of the 2 species were collected along the main axis of the Rowley River estuary, from a 'down-estuary' station 6 km from the ocean mouth of the estuary to a 13 km 'up-estuary' station near the freshwater terminus of the estuary at 15 km. Individual fish were analyzed for CNS isotopes to characterize variability that might relate to individualized fish feeding preferences, with a null hypothesis that the 2 species have similar degrees of feeding specialization and similar isotope variation among individuals. Isotope averages for the 2 species were also calculated for several stations located along the freshwater-marine axis of the estuary, to test the null hypothesis of no change in isotopes and diets along the salinity gradient.
We also tested patterns of fish movement within a larger 15 N tracer addition experiment (Tobias et al. 2003 ) that was conducted in mid-summer of 2000. During and after the labeling period, strong 15 N enrichments were expected if fish were local in their movements and fairly resident, but little or low-level enrichment was expected for individuals and species that moved widely throughout the estuary. Overall, our study helps resolve the main controls of isotope variation in 2 important salt marsh fish species, and concludes with a statistical power analysis to help guide future efforts that use stable isotopes in fish biosentinel species to assess ecosystem-level changes in salt marsh trophic function.
MATERIALS AND METHODS
Sampling and isotope measurements. Two-person seines were used for fish collections at fixed locations along the estuary at 6, 8, 9.3, 10.3, 11, 12 , and 13 km from the mouth of the estuary during 30 July to 3 August 1999 and during 20 June to 31 August 2000. Animals were placed in an ice bath at the time of collection, and then transported to the laboratory where they were frozen. Later processing included thawing and measuring total lengths and blotted wet mass, followed by dissection of white muscle tissue from the dorsal sides of fish. Muscle tissue was cleaned by rinsing in running tap water and was then placed in glass vials and allowed to soak for 15 to 60 min in deionized water to remove salt. The soak water was discarded, tissues were dried at 60°C, and pulverized with a Wig-L-Bug automated grinder. Some stomach content samples were collected in 2000 to help track the 15 N label addition into fish. In these cases, stomach contents from all individuals collected at each station were dissected out and pooled, rinsed with deionized water and allowed to settle, and then dried at 60°C for later 15 N analysis. Isotope values were measured for individual fish, and pooled stomach contents, with an automated system that included an elemental analyzer with an isotope ratio mass spectrometer for coupled measurements of C, N, and S isotope values (Barrie & Prosser 1996 , Brand 1996 , Fry 2007 . Splits of the same sample analyzed for C, N, and S isotope analyses usually agreed by 0.3 ‰ or better. Results are given in ‰ units as δ 13 C versus Vienna Peedee Belemnite (VPDB), δ 15 N versus air N 2 , and δ 34 S versus Vienna Canyon Diablo Troilite (VCDT). Tank CO 2 , N 2 , and SO 2 gases calibrated with known standards were used as working reference materials in daily laboratory operation (Fry 2007) .
Food sources. Isotope results were evaluated in several ways, including use of a 2-source isotope mixing model (Fry 2006) to estimate fish use of planktonic and benthic foods where % benthic = 100 × (δ Observed -δ Planktonic source )/(δ Benthic source -δ Planktonic source ) and % planktonic = 100 -% benthic. Plant and animal isotope values were used to estimate the source values using published plant and animal isotope data for the Rowley River estuary and the surrounding Plum Island ecosystem, with average source values calculated from Tables 1 & 2 , respectively, in Deegan & Garritt (1997) and Fry (2007) . Benthic source values were averages for benthic Spartina plants, and planktonic values were averages for plankton-feeding oysters, marsh mussels, blue mussels, and copepods. A 3.4 ‰ trophic enrichment factor (Vander Zanden & Rasmussen 2001) was added to the published prey δ 15 N values to estimate δ 15 N source values for fish; no adjustment for trophic enrichment was made to measured δ 34 S or δ 13 C values (Peterson & Fry 1987) . The resulting source values fell along the main trend of the fish data (see Fig. 1 ), but isotope values for several mummichogs fell outside the range of these published source values, consistent with more extreme values in benthic source foods. Unsampled benthic algae could represent such source foods (Incze et al. 1982 , Currin et al. 1995 . To finalize the mixing model to include the possibility of such unmeasured foods, benthic source values were adjusted as indicated in Fig. 1 to the extreme isotope values of the Rowley mummichogs as the best available estimates of local benthic end-member foods. The final benthic and planktonic source values used in mixing models were respectively -11.8 and -23.4 ‰ for C isotopes, 6.4 and 13.8 ‰ for N isotopes, and -1.3 and 15.3 ‰ for S isotopes. A combined isotope value was also calculated to show the cumulative benthic versus planktonic contrast represented by the combined CNS data: δ CNS = δ 34 S + δ 15 N -δ 13 C. It was necessary to subtract rather than add the C isotope values in this δ CNS value to give the overall contrast in benthic versus planktonic sources, because the C isotope contrasts were opposite in sign to the N and S contrasts, e.g. with planktonic sources lower in C isotopes but higher in N and S isotopes than benthic sources, so that adding the C isotope values would have underestimated the cumulative CNS contrast. Respective benthic and planktonic source values for the combined isotope value were 16.9 and 52.5 ‰. Mixing model estimates of benthic versus planktonic contributions were calculated for the C, N, and S isotopes separately and for the combined isotope value. In the mixing model estimates made with the combined δ CNS isotope value, the C, N, and S isotope data respectively accounted for 33, 21, and 46% of the overall separation between the benthic and planktonic sources. Relatively few samples of pooled stomach contents were collected in 2000, and a slightly different procedure was used in calculating and evaluating 15 N enrichment for fish stomach contents. An average baseline value and 95% confidence interval was calculated from all pre-addition samples that showed a relatively narrow δ 15 N range of 7 to 9 ‰. Post-addition 15 N enrichment was considered significant when the 15 N enrichment in individual samples of pooled stomach contents exceeded the 95% CL above the 0 ‰ baseline.
Power analysis. We conducted a power analysis of the measured fish isotope data to help in the design of future sampling efforts. The objective was to use a minimum number of fish to obtain low-error average values, so that significant isotope differences between averages for sites or years could be detected easily. We considered a program that collects 3 composite samples to estimate average isotope values and associated errors, with several fish pooled to produce each composite sample. We separately randomized all mummichog and all silverside isotope data (listed in Appendix 1) for individuals collected throughout the estuary in the summer of 1999, and then varied the number of animals included in 3 composite samples from 3 to 30, with higher numbers of pooled individuals expected to decrease errors in the average isotope estimates. Pooled samples were used because it was less expensive to analyze a few composite samples than many individual samples, and because errors shrank more rapidly when pooled samples were used rather than individual samples. Errors associated with the average of the 3 pooled samples were calculated both as standard deviations and 95% CLs.
RESULTS

Food sources
Fish of both species were collected at several stations along the estuary during 30 July to 3 August 1999, with a small-to-large size range represented in each collection; fish sizes were 24 to 89 mm with fish wet mass ranging from 0.1 to 11.5 g for mummichogs and 0.1 to 2.9 g for silversides. Fish CNS isotope results showed no or small gradients along the estuarine transect from 6 to 13 km, i.e. there was no significant difference among average station values for δ 34 S for either species (Table 1) , and only the uppermost and lowermost station averages differed significantly for δ 13 C and δ 15 N (Table 1) . Also, there was no consistent pattern of higher or lower variance (SDs) at down-estuary versus up-estuary stations ( (Fig. 1) . Mummichog isotope distributions strongly contrasted those of silversides, i.e. mummichogs had low δ 34 S, low δ 15 N, and high δ 13 C compared to silversides (Fig. 1) . Source values estimated from published studies of the Rowley and wider Plum Island estuary generally bracketed the fish isotope values, consistent with 2-source mixing of benthic and planktonic organic matter in food webs supporting the fish. We used a 2-source mixing model with δ CNS values to estimate these contributions (see 'Materials and methods') for the 41 mummichogs and 41 silversides listed in Appendix 1, finding that the overall % reliance on benthic foods was 58 ± 5 (mean ± 95% CL) for mummichogs and 32 ± 3% for silversides. Estimates of % benthic food sources using δ 34 S alone or δ 13 C alone were highly correlated (r > 0.9) with estimates made with δ CNS , and there were few significant differences in the results of the mixing models with the δ CNS values and the separated C, N, or S isotopes. Thus, for the 2 fish species, only carbon isotope calculations for mummichogs gave a significantly different result (t-test, p < 0.05) of 66% benthic food reliance versus the 58% mean calculated with the δ CNS data.
The isotope distributions and mixing model results showed that the 2 species differed strongly in their patterns of reliance on benthic versus planktonic foods, and that this between-species difference was maintained across most of the estuary, with the exception that reliance on benthic foods was low for both species at the uppermost estuary station at 13 km (Fig. 2) . There was always a wide range in calculated individual reliance on benthic foods for mummichogs and for silversides (Fig. 2) , consistent with relatively high SDs in the underlying isotope data (Table 1) . Wide ranges (20 to 50%) occurred among individuals at most stations and were independent of fish size (Fig. 2) .
Fish movement
The 15 N addition in late summer 2000 provided a way to study localization of fish movements, with the highest label concentration observed in fish stomach contents and fish near the site of the tracer addition at 12.5 km (Fig. 3 ). Label dispersed with the tides, and Tobias et al. (2003) considered the area from 10.7 to 14.2 km to be the isotope-enriched section (see large boxes in Fig. 3 ). Mummichogs and their stomach contents were not labeled significantly above background outside this area, but there was a low-level enrichment detected in silverside fish and stomach contents much farther down-estuary, all the way to the most marine collection site at 6 km (Fig. 3) .
The label results were consistent with localized movements for both species, with the broadest interpretation that both species showed distinct differences between the 15 N-enriched upstream reach (Fig. 3) versus the relatively unenriched downstream reach at 5 to 10 km. A narrower interpretation is that both species showed sharp localization and strong residency in those cases where the label experiment was sensitive and the label distributions could be inferred to show a sharp discontinuity. Thus, mummichogs at 12 km and 13 km were much less labeled than those at 14 km, and silversides at 9.5 km were much less labeled than those at 11 km (Fig. 3) .
However, silversides in the upper estuary did not show the same strong gradient in labeling that was evident in the mummichogs above 11 km (Fig. 3) . Either tides were acting to mix the label fairly evenly in the planktonic prey consumed by silversides in this upper estuary region, or silversides themselves were moving fairly widely through this region to produce the observed even pattern of 15 N enrichment. In either case, the distinct differences in 15 N enrichments between silverside populations in the upper estuary >11 km and the lower estuary <10 km (Fig. 3) 
Power analysis
Given the considerable scatter in the isotope data for individual fish, 10 to15 fish per composite sample were required to yield a relatively precise average result (Fig. 4) . That is, using 3 composite samples of 10 to 15 fish each would allow testing for significant C, N, or S isotope differences of 0.5 ‰ or greater between means, because 95% CLs for the average of the 3 composite samples were ≤ 0.5 ‰ for CNS isotopes (Fig. 4) . Table 2 gives coefficients for the power equations used in generating the curves of Fig. 4 . Calculation also shows that the error for the overall population can be estimated from the error associated with 3 composite samples using values given in Table 2 as: population error = (error for the 3 composite samples) × (measured error for the Rowley River fish collected in 1999)/(ax b ), where x is the number of fish per composite sample and Table 2 gives the measured error for the fish collected in 1999 and the coefficients a and b. For example, if 3 composite samples of 10 fish each measured -15.0, -15.5, and -16.0 ‰ for carbon isotopes, the average and SD for the 3 samples would be -15.5 ± 0.50 ‰, and the population SD estimated from these results and the carbon isotope equations for mummichog SDs in Table 2 would be (0.5 × 1.69)/(2.38 × 10 -0.8 ) = 2.24 ‰.
DISCUSSION
Our isotope results were consistent with well-established findings that mummichogs feed more in the benthic food web while silversides feed more on plankton, with both fish species more resident than transient. These findings support using mummichogs and silversides as biosentinel organisms for monitoring ecosystem dynamics in salt marsh systems, with iso- showing that the error associated with 3 composite samples decreases as increasing numbers of fish are included in each composite sample. Using 3 composite samples of about 10 fish each gives a high precision error (<0.5 ‰, 95% confidence limit) for C and N isotopes; comparable 0.5 ‰ errors for S isotopes, and the combined isotope δ CNS value, require more fish per composite sample. Lines: errors calculated from equations in Table 2 for the combined isotopes δ CNS (dashed), S isotopes (solid bold), C isotopes (dot-dash), and N isotopes (solid thin). For mummichogs, the error curves for C and N isotopes are essentially the same and thus do not show as separate curves in the top panel tope-based feeding assessment providing a functional trophic view of estuarine fish dynamics that can supplement traditional abundance-based structural views of estuarine fish populations. The functional trophic assessment with mummichogs and silversides directly measures the importance of benthic and planktonic food sources in fish diets, and indirectly measures production and relative availability of these food sources at the ecosystem level, as well as overall benthicplanktonic coupling in salt marsh systems.
Food sources
The feeding biology of mummichogs and silversides was studied in Rowley River during the time of the 2000 label addition experiment (Haines et al. 2000) , with detailed stomach content identifications performed for fish from stations along the estuarine salinity gradient from 8 to 14 km. Mummichogs consumed much more detritus, amphipods, and isopods than did silversides. Conversely, silversides consumed more planktonic copepods, shrimp, and insects than did mummichogs. Mummichogs were considered more obligate benthic feeders while silversides were considered more versatile, consuming items from the benthic food web (such as benthic harpacticoid copepods) as well as planktonic items.
Isotope results were very consistent with these results from stomach contents, with fish isotope CNS values falling along mixing lines constructed with benthic and planktonic sources (Fig. 1) . Although many more types of food sources are present in the Rowley River and are available to support the food web (Deegan & Garritt 1997), the linear trends in the isotopes (Fig. 1 ) indicated clear dominance of 2 aggregated food sources; data would fall in a more triangular pattern if 3 sources were co-dominant, or in a larger polygonal space if > 3 sources were important. Because of the linear trends in the data (Fig. 1) , we used simple 2-source mixing models to interpret isotope data in terms of benthic versus planktonic feeding. The fish CNS isotope distributions also had the same triple isotope contrast measured in older studies of relatively undisturbed salt marsh ecosystems in Georgia and Massachusetts (Peterson et al. 1985 , 1986 , Peterson & Howarth 1987 ), i.e. the main axis of isotope resolution was between benthic foods that had relatively high C isotope values and low N and S isotope values versus planktonic foods with lower C isotope values but higher N and higher S isotope values. This same triple isotope contrast was also found in broad outline in an earlier study (Deegan & Garritt 1997) of the food web in the Plum Island Sound system, to which the Rowley River system belongs.
However, these same isotope contrasts are not found in all salt marsh systems. For example, Wozniak et al. (2006) documented that the benthic primary producer Spartina alterniflora can have much higher δ 34 S values (to 17 ‰) in smaller New England salt marshes, so that not all marshes have the same triple isotope contrast as observed in this and earlier studies by Peterson and colleagues (Peterson et al. 1985 , 1986 , Peterson & Howarth 1987 . Geographic variation in Spartina N and S isotope values has also been documented previously (Currin et al. 1995 , Stribling et al. 1998 , Wainright et al. 2000 , and for S isotopes may be related to variations in sulfate reduction and sulfide cycling (Peterson et al. 1986 , Peterson & Howarth 1987 , Stribling et al. 1998 Table 2 . Coefficients for power equations of the form y = ax b used to estimate the error for isotope averages (error = y as SD or 95% confidence limit, CL) calculated for triplicate composite samples with increasing numbers of fish (x) per sample, e.g. 3 samples with 5, 10, or 15 fish in each. Fish data from Appendix 1 were randomized by species for this analysis (n = 41 fish per species), with measured errors (‰) for fish of Appendix 1 also given are often enriched in 13 C versus phytoplankton (Haines 1976 , Currin et al. 1995 , 2003 , Page 1997 , Oakes et al. 2005 . Of particular note are reports for mudflat ecosystems where diatoms and benthic bivalves (Macoma balthica) can have δ 13 C values of -10 to -14 ‰ (Incze et al. 1982 , Schwinghamer et al. 1983 ), i.e. values in the range estimated here for benthic sources with more extreme isotope values than measured for Spartina. Better techniques for isolating benthic microalgae are needed so that CNS isotopes can be measured routinely for these likely important food resources. Resolving the organic food web contributions of Spartina versus benthic microalgae particularly may depend on better techniques for isolating clean samples of organic sulfur for δ 34 S analysis. Small sulfidic pyrite grains < 5 µm in diameter are common inorganic constituents of estuarine sediments (Howarth 1979) and can contaminate the organic sulfur analyses of estuarine microalgae (Currin et al. 2003) .
Fish movement
Our results generally were consistent with previously documented small-scale movements of mummichogs and silversides in salt marsh systems, although both species may move out of these shallow upper portions of the estuary into deeper sound waters during the winter (Warkentine & Rachlin 1989 , Griffin & Valiela 2001 . Animals sampled late in the summer should integrate and reflect the current year of food web production in their tissues, although the largest animals collected may be 1+ yr old and undoubtedly retain some tissue CNS from previous years. Logan et al. (2006) studied tissue turnover in juvenile mummichogs of the size sampled in our study and showed that N isotopes largely equilibrated with new diets in 1 to 2 mo, the time frame of fish sampling after initiation of the 15 N enrichment experiment in 2000. The localized movements indicated by the tracer addition experiment were consistent with previous tagging studies for mummichogs that showed localized summer movements on the order of 1 km or less (Lotrich 1975 , Meredith & Lotrich 1979 . Tagging studies conducted in the Rowley estuary in 1998 also showed that most (> 90%) recaptured mummichogs were caught within 100 m of the site of tagging (Sweeney et al. 1998) , although those studies also showed that other mummichogs move up and down main channels and across the marsh landscape through mosquito ditches and flooded salt pannes. Mummichogs in nearby Maine marshes also show very localized movements (McMahon et al. 2005) .
The movements of silversides are less well known from previous work. Our results indicated rather distinct populations of down-estuary and up-estuary silversides. Tobias et al. (2003) estimated isotope values of phytoplankton and benthic microalgae during the 2000 tracer addition experiment, finding higher values in the up-estuary tracer nutrient addition zone and much lower values down-estuary, where inputs of unlabeled nutrients were also important. Relatively high δ 15 N values near 250 ‰ were estimated by Tobias et al. (2003) for some upper estuary phytoplankton samples, and down-estuary export of this labeled phytoplankton could have led to the slightly elevated δ 15 N values observed at 6 to 9.5 km for planktonfeeding silversides (Fig. 3) . This phytoplankton export is consistent with the relatively large (> 5 km) tidal excursions of the water masses in the Rowley system. Thus, relatively small label presence in the downestuary silversides did not necessarily result from fish migration to sites near the point of label addition in the upper estuary; rather, down-estuary silversides could be largely resident but become slightly enriched by consuming materials exported from upper reaches of the estuary.
Given the conclusion that both fish species are composed of largely resident populations, with the caveat that up-estuary populations in shallow portions of the ecosystem undoubtedly move downstream if water drains completely at low tide, it was interesting that there was only a modest gradient in fish C and N isotopes along the estuarine transect, and no gradient in S isotopes. Abundant marine sulfate provides a uniform starting point for S isotope distributions throughout saline (> 2 psu) portions of estuaries leading to the lack of strong S isotope gradients (Fry 2002 (Fry , 2007 . In contrast, estuarine biogeochemistry usually produces stronger C and N isotope gradients that covary with salinity (Fry 2002 ). There were some significant differences among average fish C and N isotope values along the estuarine gradient (Table 1) , but relatively uniform salinities may have accounted for the lack of stronger C and N isotope gradients. Tobias et al. (2003) compiled salinity data for the summer of 2000, with the 6 to 13 km stations all sharing moderate mesohaline salinities averaging about 15 to 30 psu. Also, the marshes of the Rowley estuary are dominated by Spartina spp. for most of the length of the estuary, especially from 12 km seawards, but some Spartina also extends into the upper reaches of the estuary to 14.5 km (Tobias et al. 2003) . The freshwater runoff from the upland portion of the Rowley River is quite small, with low flows in the summer months of our study (e.g. 0.02 m -3 s -1 in the summer of 2000; Tobias et al. 2003) , so that marine influences remain relatively strong through most of the estuary. Overall, the relatively uniform salinity and vegetation along the estuarine transect may largely be responsible for the lack of strong and consistent along-estuary C and N isotope variation in fish.
The fish isotope distributions showed a wide variance, indicating a wide range in individual feeding strategies (Fig. 2) . Wide ranges in fish isotope compositions were observed also in marshes of Lake Okeechobee, Florida (Fry et al. 1999) , and were explained in spatial terms as specialized feeding on localized foods that themselves differ widely in isotope values. A similar explanation is that the Rowley River mummichogs and silversides exhibit localized feeding strategies, with varying degrees of marsh access. Silversides showed strong CNS isotope variation among individuals that was comparable to the mummichog isotope variation (Table 1) . One explanation for this wide variation is that some silversides enter marshes and feed extensively in certain localized areas, while other silversides confine their feeding much more to open water areas. Studies that trap fish exiting the marsh platform on falling tides could test the inferred use of marsh foods. It is also possible that some silversides remain in channels but position themselves at points where marsh run-off is particularly strong or weak.
Power analysis
Our power analysis was relatively simple to perform using data for individual fish. The between-individual variation controls the results of the power analysis, and monitoring should include some collections of individuals to check that the coefficients of the power equations (Table 2) apply to the local system under study. Individual isotope variation among mummichogs in our study was very similar to that documented by Currin et al. (2003) in studies of New Jersey mummichogs, with C, N, and S standard errors associated with mean values averaging respectively 0.30, 0.19, and 0.47 ‰ in that study versus 0.26, 0.26, and 0.43 ‰ in our study. This similarity may indicate some generality across different salt marsh systems for the equations in Table 2 . The higher variability in the S data versus the C and N data requires larger numbers of fish per sample for the same level of precision, i.e. about 15 fish per sample for S versus 10 fish per sample for C or N to obtain 0.5 ‰ precision as 95% CL for 3 composite samples (Fig. 4) .
To estimate average isotope values of fish, Wozniak et al. (2006) used 3 to 6 samples of composites composed of 5+ individual mummichogs; another study of estuarine animals with CNS isotopes used 3 composite samples each composed of 10 animals (Wissel & Fry 2005) . In these cases, the total number of individuals per site was 30 to 60 animals. Our power analysis indicates that obtaining 3 composite samples of 10 to 15 animals per sample for each collection point should allow testing for significant differences of 0.5 to 1 ‰ among site or seasonal averages. The power analysis in Fig. 4 is based on pooling fish from all locations throughout the estuary (Appendix 1), mostly because using the combined data generates a conservative (maximum) number of fish needed per composite sample. When fish isotope variation at single locations is smaller, the number of fish per sample could be reduced. For example, if only animals from mid-estuarine 9 to 11 km stations with most similar isotope values (Table 1) were used in the power analyses, numbers of fish needed per composite sample would be 70 to 80% of those projected in Fig. 4 . Using composite samples in monitoring programs allows rapid and cost-effective testing for changes in isotope averages, and as described in the Results can also allow some estimate of isotope variation among individuals when several composites are collected together as replicates.
CONCLUSIONS
There are several general conclusions arising from this and previous studies that can help guide future stable isotope monitoring studies of salt marsh fish. First, fish isotopes need interpretation within the framework of possible basal food resources (plankton, Spartina, and benthic microalgae) supporting the fish food web. This becomes important when trying to interpret whether changes in fish isotopes reflect changing production and availability of sources at the whole ecosystem level, or whether productivity and availability of basal foods is constant, and it is only the food source isotope values that are changing due to lowerlevel background changes in estuarine hydrobiogeochemistry and ecosystem metabolism (Fry 2002 , Kaldy et al. 2005 , Gustafson et al. 2007 ). For these reasons, local collections of plankton, Spartina, and benthic microalgae generally should accompany fish collections. Bivalves collected along the marsh-open water in salt marsh systems can conveniently help define isotopes in local planktonic and benthic sources (Peterson et al. 1985 , Fry 2007 , and collections of dissolved inorganic carbon, shell carbonates, macroalgae, and sulfate also can be used with current models to help estimate CNS isotope distributions in end member sources (Stribling & Cornwell 1997 , Wainright et al. 2000 . Some sampling of individual fish also seems warranted to check for food sources with more extreme isotope values (see 'Materials and methods') that are missed in the routine sampling. Also, isotope variability among individual fish may itself be a useful measure of environmental complexity and habitat restoration, and is recommended where budgets allow. Overall, using composite samples is cheaper and adequate for following changes in average ecosystem conditions that is often of most interest in monitoring programs, but some sampling of individuals should be included to help monitor isotope variability.
The simplest isotope mixing patterns in salt marsh estuaries have been detected when sampling was done in mesohaline, lower estuary, main stem channels (Peterson et al. 1986 , Peterson & Howarth 1987 , Stribling & Cornwell 1997 . Separate mixing models may need to be developed for upper estuary or hydrologically isolated marshes where especially mummichogs have lower δ 13 C values (Deegan & Garritt 1997 , Wainright et al. 2000 , Currin et al. 2003 , McMahon et al. 2005 ) than those reported here for the mesohaline sections of the Rowley River. Salt marsh systems are supported by abundant phytoplankton productivity as well as benthic Spartina and microalgal production, and for this reason, monitoring collections routinely should include plankton-feeding fish species such as silversides. Collections of plankton-feeding fish together with benthic-feeding fish should allow construction of robust planktonic-benthic mixing models for assessing changes in salt marsh ecosystem function. 
